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1. SUMMARY 
The objectives of this program were to quantitatively define porosity 
and weld quality resulting from variations in joint and torch config- 
urations. These objrctives were met with the conclusion that mechani- 
cal joint defects do not cause porosity in zluminum welds. This con- 
clusion is supported by the experimental evidence that joint defects 
do not cause contamination from the atmosphere under normal conditions 
and that the components of air do not cause porosity when taken col- 
lectively. 
Sii:ce this conclusion was reached early in the program the objectives 
were modified to include the weld joint conditions ~ k i c h  are the sus- 
pect cause of weld porosity observed in the production of the Saturn 
Booster. Tine conclusions drawn from the experimental evidence pre- 
sented here is that surface contamination resulting from normal han- 
dling is the most likely source of porosity with lower probability 
of contamination from tack welds and adsorption of atmospheric water. 
These conclusions are supported by the correlation observed between 
porosity and che ieval of hydrogea containing surface contamination 
produced by various shop operations. 
The results of this program demonstrate that water does not cause 
porosity when its source is atmospheric because of the interaction 
with oxygen. This program does show that handling with clean gloves 
produces sufflzient surface contamination to cause porosity. 
The experience gained in this study can be applied to significantly 
improve weld quality and costs. The profile data show that the Lin~le 
HW-27 torch provides good shielding at moderate flow rates while tile 
HW-13 torch does not provide reliable coverage at higher flow rates 
and longer torch to work distances. The Hld-27 torch can b e  used with 
a helium fl3w rate of - ca. 0.63 standard liters per secocd (80 SCFH) 
L i s L ~ d l ;  U; i h ~ :  usual 6.96 Standard liters per second ( 1 2 5 S C F H ) .  An 
additional 29 to 30% flow reduction is possible with modest reduction 
in cup to work distance. Techniques in handling could be modified to 
prevent touching the faying surfaces with even gloved hands, since 
this was found to be the largest source of ,~ntamination. Careful 
use of non-hydrocarbon solvent such as "Freon" 113 (C2 C1 F ) can 3 3 
prevent porosity by removing contamination resulting from careless 
handling. 1 
2 .  BACKGROUND 
I t  has  been c l e a r l y  demonstrated by a g r e a t  many i n v e s t i g a t o r s  t h a t  
hydrogen, i n  m e  form o r  a n o t h e r ,  i s  t h e  cause  of p o r o s i t y  i n  alumi- 
num v e l d s .  The s o l u b i l i t y  of hydrogen i n  l i q u i d  aluminum changes 
r a p i d l y  w i t h  tempera ture .  Tf hydrogen d i s s o l v e s  i n  aluminum a t  temp- 
e r a t u r e s  much above t h e  m e l t i n g  p o i n t ,  t hen  i t  may p r e c i p i t a t e  o u t  
i n  t h e  form of bubbles  o r  po re s  as t h e  m e t a l  is cooled  and s o l i d i f i e d .  
How does  hydrogen c o n t e n t  r each  such  a h i g h  l e v e l  t o  cause  p o r o s i t y ?  
- l h e  answer t o  this q u e s t i o n  is -lot w e l l  unders tood  and h a s  been t h e  
o b j e c t  of many s t u d y  programs. There  are p r i m a r i l y  t h r e e  s o u r c e s  o f  
hydrogen: w i t h i n  t h e  m e t a l  (base  m e t a l  and weld w i r e )  on t h e  s u r f a c e  
of  t h e  m e t a l  and from t h e  a tmosphere .  Y a r t i n  e t .  a l .  (1 ,  2)  examined 
p o r c s i t y  as a f u n c t i o n  of chemical  composi t ion w i t h i n  t h e  r ange  of  
c e r t a i n  commercial a l l o y s  and concluded t h a t  t h e  e f f e c t  of  v a r i a t i o n s  
i n  com?osi t ion and i n t e r n a l  hydrogen c o n t e n t  of  t h e  m a t e r i a l s  upor, 
weld p o r o s i t y  is s l i g h t .  E a r l i e r  r e p o r t s  by Mar t in  (4 ,  5 ) ,  however, 
s ta te  t h a t  i n c r e a s i n g  hydrogen c o n t e n t  w a s  r e l a t e d  t o  i n c r e a s i n g  
weld p o r o s i t y  and a l e v e l  of 1 ,8  ppm by weight caused a h igh  levtl of 
p o r o s i t y  overshadowing o t h z r  compos i t ion  e f f e c t s .  O the r  s t u d i e s  (3 )  
show t h a t ,  o v e r  a wide r ange  of compos i t ion ,  i n c r e a s i n g  c o n c e n t r a t i o n  
of magnesium o r  ca l c ium i n c r e a s e s  t h e  tendency toward p o r o s i t y  forma- 
t i o n .  Altllough t h e s e  s t u d i e s  l e n d  a g r e a t  d e a l  of  i n s i g h t ,  i t  is 
c l e a r  t h a t  much more work is  n e c e s s a r y  t o  de t e rmine  t h e  r o l e  of b a s e  
m e t a l  compos i t ion ,  p a r t i c u l a i l y  hydrogen. 
S ince  I t  seems t h a t  b a s e  m e t a l  composi t ion p l a y s  a minor r o l e  i n  
p o r o s i t y  fo rma t ion ,  hydrogen  nus st e n t e r  t h r  m e t a l  from t h e  a tmosphere  
o r  s u r f a c e  d u r i n g  t h e  weld ing  p r o c e s s ,  The d e t a i l e d  mecf,anism of 
hydrogen pickup d u r i n g  t h e  weld ing  procesc  h a s  n o t  been d e f i n e d  b u t  
many s t u d i e s  have shed l i g h t  on t h e  problem. Cons ide rab le  e x p e r i -  
,,,p,.,tF; ,-,....<I - - - -  2 - 2 2  - - * - -  a.1 . 
-. LurArrr A..ulcracbl c a i a L  S U L  ;act: ilycit ugeaa 111 var iuus  lormu is 
t h e  l a r g e s t  s i n g l e  u n c o n t r o l l e d  f a c t o r  (4 ,  5 ) .  S u r f a c e  hydrogen may 
h e  preYent i r r  n2ny fsrxs: adsur'iretl &lid cilemLcally Luunci water, o i l  
r e s i d u e  from machiniilg p r o c e s s e s ,  o r g a n i c  d u s t  and o t h e r  a i r b o r n e  
m a t e r i a l ,  o r g a n i c  m a t e r i a l  from f i n g e r  p r i n t s ,  and s q  on. 
Hydrogen may e n t e r  t h e  weld n,etal from t h e  atmosphere. The c o n t r o l  
of t h e  atmosphere is cons iderablv  e a s i e r  than  any o t h e r  source  of 
hydrogen and thus  much experimental  evidence has  been accumulated 
(4, 5 ) .  Sapers te in  ( 7 )  measured p o r o s i t y  a s  a  func t ion  of water  
content  of s h i e l d i n g  gas and found t h a t  p o r o s i t y  inc reased  when t h e  
dew po in t  of t h e  gas was above -40°C. Measurements made by S t r o b e l t  
(6) showed p o r o s i t y  inc reased  wi th  e i t h e r  i n c r e a s i n g  hydrogen o r  
water  con ten t  of t h e  s h i e l d i n g  gas.  Both of t h e s e  s t u d i e s  i n d i c a t e d  
t h a t  oxygen and perhaps n i t r o g e n  reduced p o r o s i t y  caused by hydrogen, 
but  t!~is idea  was not  s p e c i f i c a l l y  i n v e s t i g a t e d .  
Thus, i t  would seem t h a t  a  g r e a t  d e a l  is known about p o r o s i t y  b u t  
a l s o  a g r e a t  d e a l  i s  s t i l l  unknown. NASA is sponsoring many r e s e a r c h  
programs aimed a t  pinning down the  v a r i a b l e s  of aluminum welding. 
P a r t  of t h e s e  programs a r e  d i r e c t e d  toward prevent ion  of p o r o s i t y .  
The work j u s t  mentioned is concerned wlrh chemical i n f l u e n c e s  b u t  
o t h e r  work i n d i c a t e s  t h a t  much can be done t o  i n f l u e n c e  p o r o s i t y  
whi le  hydrogen l e v e l s  a r e  cons tan t .  For example, t h e  l e n g t h  of t ime 
a t  which t h e  weld meta l  is i n  t h e  l i q u i d  s t a t e  and t h e  r a t e  of  change 
of temperature w i l l  a f f e c t  p o r o s i t y  l e v e l s .  These s t u d i e s  have been 
d iscussed by Hasemyer (8) and show t h a t  by c o n t r o l  of t ime a t  tempera- 
t u r e  p o r o s i t y  can be c o n t r o l l e d .  
Unfortunately,  i t  i s  n o t  always a s  easy t o  c o n t r o l  t h s  v a r i a b l e s  
when making production welds a s  i t  is i n  t h e  p r e p a r a t i o n  of smal l  ' 
s c a l e  experimental  welds. I n  production welding nnn-uniform h e a t  
flow paths  and p h y s i c a l  r e s t r a i n t s  cause d i f f i c u l t y  i n  c o n t r o l l i n g  
temperature-time r e l a t i o n s h i p s  and r e s u l t  i n  meta l  movement a..d 
mismatch. 
Got t ,  Clover,  and Rudy ( 9 ) ,  made an  e x t e n s i v e  i n v e s t i g a t i o n  of metal 
movement and mismatch and t h e  r e s u l t i n g  stress build-up. It was 
shnm that c - e f u l  sttentinn t o  balance of h e a t  inpu t  and removal 
can reduce mismatch i n  inany cases .  However, t h e  problem is n o t  e a s i l y  
-. . is~ l i ied  aud, aa p v i ~ i i e d  OUK by s c i e n r i s t s  a t  Warshai i  Space r l i g ' n t  
Center (8, 4 ) ,  i t  seems t h a t  some degree of mismatch w i l l  b e  encoun- 
t e r e d .  
During f a b r i c a t i o n  of hardware f ( r  space p r o j e c t s  NASA has  encountered 
many af these  problems and consequently funded a s e r i e s  of welding 
research  programs of wl i ch  t h i s  i s  one. The s p e c i f i c  problem prompt- 
ing  t h i s  i n v e s t i g a t i o n  is t h e  p o r o s i t y  found i n  t h e  h o r i z o ~ ~ t a l  weld 
made when j o i n i n g  two s e c t i o n s  of t h e  Sa tu rn  Booster.  The time re- 
quired i n  J igg ing  up the e n t i r e  p a r t  is about e i g h t  hours .  The two 
p a r t s  a r e  he ld  by Hawthorn clamps pos i t ioned  every s i x  inches  a long 
the  j o i n t .  Most of the  t i m e  i s  spen t  p l a c i n g  and a d j u s t i n g  t h e s e  
clamps. One s i d e  of t h e  j c i n t  has  been c u t  away t o  provide  room f o r  
t h e  clamp. This  c u t  was a t  f i r s t  a s l o t  b u t  then  a l t e r e d  by t a p e r i n g  
' t h e  edges t o  prevent  entrapment of contaminat ion.  When t h e  clamps are 
ad jus ted  t o  reduce t h e  m i s f i t  t o  a minimum, a t ack  weld is made be- 
tween each clamp one a f t e r  t h e  o t h e r  a s  t h e  clamps a r e  remcved. 
. Afte r  a l l  the  clamps have been removkd, t h e  j o i n t  is welded i n  one 
continuous pass ,  i f  p o s s i b l e ,  covering a l l  t h e  t acks  and t h e  gaps 
l e f t  by t h e  clamp s l o t s .  The r e s u l t i n g  weld showed cons ide rab le  
p o r o s i t y ,  some of which appears  t o  be  a s s o c i a t e d  wi th  t h e  clamp s l o t  
l o c a t i o n .  
Tes t s  welds made a t  NASA d i d  n o t  produce p o r o s i t y  when thl? same ma- 
t e r i a l s  were used. These test welds were prepared  i n  t h e  same way 
wi th  t h e  except ion  u2 c h m p  s l o t s ,  t a c k  welds,  m i s f i t ,  and t h e  
lengthy handling and metal-to-mstal rubbing a t  t h e  j o i n t .  Thus t h e  
conclusion was reached t h a t  clamp s l o t s ,  t acks ,  j o i n t  m i s f i t  and 
meta l  movement c o n t r i b u t e  t o  t h e  observed p o r o s i t y .  
3.  EXPERIMENTAL DETAILS 
0 ~ e r a t i . n ~  Thesis  
I f  p o r o s i t y  is t o  r e s u l t  from j o i n t  d e f e c t s ,  then t h e s e  d e f e c t s  must 
produce p e r t u r b a t i o n s  of t h e  gas s h i e l d  of such a magnitude t h a t  
air--carrying contaminations---can e n t e r  t h e  c r i t i c a l  a r c  zone. 
Then such p e r t u r b a t i o n s  can be  r e a d i l y  de tec ted  mass s p e c t r o m e t r i c a l l y  
by sampling a smal l  p o r t i o n  of t h e  s h i e l d  gas and determi~!~?r:g t h e  
e x t e n t  of p e r t u r b a t i o n .  Oxygen was s e l e c t e d  a s  t h e  most re.+t;onable 
e-'ement of a i r  20 monitor s i n c e  i t  is q u i t e  cons tan t  whi le  water  
vapor v a r i e s  over  a wide range.  
Ob i ec  t i v e s  
The o b j e c t i v e s  of t h i s  s tudy were t o  d e f i n e  t h e  s i i i e ld ing  gas  pro- 
f i l e s  of t y p i c a l  product ion  weld to rches ,  determine t h e  degree d 
:ontamination introduced i n t o  t h e  a r c  r eg ion  a s  a r e s u l t  of joCnt 
d e f e c t s ,  and then t o  c o r r e l a t e  t h e s e  wi th  weld p o r o s i t y .  
Contamination P r o f i l e s  
I n  o r d e r  t o  measure ccntamlcat icn  i n  t h e  s h i e l d  gas  a s p e c i a l  
probe was designed wh?;h could cont inuously  sample a very  s m a l l  
p o r t i o n  of t h e  gas and d e l i v e r  i t  t o  a mass spect rometer  f o r  a n a l y s i s .  
The probe was nade by s i l v e r  s o l d e r i n g  a 0.025 mm. ( 1  mi l )  s t a i n l e s s  
s t e e l  c a p i l l a r y  wi th  0.15 nun. (6 mi ls )  o u t s i d e  d iameter  i n t o  t h e  
end of a 0.79 nlm (1/32") s t a i n l e s s  steel  tube.  The tube  was connected 
t o  a mass spectrometer  a s  shown i n  Figure  1. The probe was a f f i x e d  
t o  t h e  weld to rch  by means of a motor d r i v e n  clamp. The probe t i p  
and mount a r e  shown i n  Figure 2 .  The motor used was a syncronous 
type geared down s o  t h a t  t h e  probe t r a v e l  was 1 cm./min. This  
d r i v e  speed provided 3 p o s i t i o n  r e s o l u t i o n  of 0.025 cm. s i n c e  t h e  
response time was about one second ( t h e  time requ i red  f o r  t h e  gas 
t o  pass through t h e  probe and i n t o  t h e  mass spect rometer ) .  
The mass spectrometer  used f o r  t h i s  r e p o r t  was a Veeco Model RG-4 
r e s i d u a l  gas ana lyze r .  C a l i b r a t i o n  of t h e  mass spectrometer w a s  
accomplished by pass ing  t h e  heliq~m gas t o  be  analyzed past a n  
e lec t rochemical  ce l l  a t  a known flow rate. Oxygen was generated 
e lec t rochemica l ly  a t  a platinum e l e c t r o d e  from d i l u t e  e u l f u r i c  acid. 
H E L I U M  
I 
OXYGEN 
E?,E CTRODE 
(- 1 
HYDROGEN 
ELE 
PLA 
Fiaure 1: SCHEMATIC OF MASS SPECTROMETER AND CALIBRATION CELL 
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Figure 2: MASS SPECTCMETER PROKi AND CONTROL 
Under the  operating condi te-ns  the  s e n s i t i v i t y  t o  oxygen i n  helium 
gas found t o  be 3.15 ppm/d,t.ision with an observed noise  level of 
up t o  0.3 d iv i s ion  o r  an uncer ta inty  of -. ca. 2 ppm oxygen. 
By means of the motor dr iven probe i t  w a s  poss ib le  t o  scan the  
g r s  sh i e ld  and r e l a t e  composition t o  pos i t ion  and t o  recons t ruc t  
the  contamination p r o f i l e .  The mass spectrometer w a s  set to  con- 
t inuously monitor oxygen. A t yp i ca l  scan is shown i n  Figure 3. 
From t h t s e  scans the  d i s tances  a t  which oxygen reached 10, 100, 
1000, and 5000 ppm were recorrirrj. ,;tails w e r e  made a t  s eve ra l  
posi t ianu (up to  twelve per  p r o f i l e )  t o  de f ine  t he  nature  of each 
p r o f i l e .  Four helium flow r a t e s ,  0.34, 0.44, 0.57, and 0.68 stzndard 
liters p2r second (53, 56, 72 and 86 standard cubic f e e t  per  hour), 
four  torch t o  work dis tances  0.6, 1.0, 1.3 and 1.5 cm (1/4, 3/8, 
1/2, E .d 19/32 inch),  two torch pos i t ions  hor izonta l  and v e r t i c a l ,  
and two torches Lini?  H15'-27 and HV-13 were used t o  prepare re fe rence  
p r o f i l e s .  These p r ~ f i l e s  a r e  reproduced i n  t he  appendix. 
The oxygen contaminatior. l ~ v e l s  may be converted t o  water contamina- 
t i o n  l e v e l s  but these d e p e ~ d  cpon temperature and humidity. Each 
oxygen contour can be converted t o  a water contour by mult iplying 
by the  r a t i o  of the  p a r t i a l  pressure of water  t o  the  p a r t i a l  press-  
u re  of oxyger, 
A t  100% r e l a t i v e  hvmidity t he  p a r t i a l  pressure  of water, P(H20) is 
equal  t o  the  vapor pressure  of water and can be found i n  standard 
handbooks. A t  50% R . H .  P(H 6 )  is one-half t he  vapor pressure,  2 
e t  ce t e r a .  A t  one atmosphere pressure,  dry  a i r  contains  20.95% 
oxygen by volume, there fore  the  p a r t i a l  pressure  of oxygen, P(OZ), 
The r a t i o  P ( H 2 0 )  /P(02) is given i n  Table I f o r  var ious  temperatures 
and hunidi ty  l e v e l s  t h a t  may be encountertd i n  a production area. 
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Figu- 3: TVPICAL SCAN FOR GAS PROFILE 
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TABLE 1 
Temperature P(H O)/P(O ) 
-2 2- 
O C  
-
O F  
-
50% R.H. 100% R.H. 
20 68 -056 .I12 
25 77 .076 .I54 
30 86 .lo2 .209 
35 95 -136 -280 
These data  indicate  tha t  a r a t i o  of 0.1 t o  0.2 covers the  range 
encountered i n  most shop environments. I f  we  assume a value of 
250 ppm water i n  the gas sh ie ld  is necessary t o  produce s ign i f i can t  
porosity (6), then I t  is necessary t o  introduce a contamination 
l e v e l  of something grea ter  than 1000 ppm oxygen from shop a i r .  
This represents a ra the r  l a rge  contamination l e v e l  and therefore 
should be easy t o  de tec t .  
Jo in t  Defects 
I n  order t o  determine the influence of j o i n t  defects  on contamina- 
t ion  p ro f i l e s  a few key experimsnts were set-up. These experiments 
'were designed t o  indica te  the minimum s i z e  defect  tha t  r e s u l t s  i n  
contamination i n  the  c l i t i c a l  a r c  zone. Gaps w e r e  selected f o r  the 
f i r s t  experiment. Flow rates w e r e  selected which represent minimum 
coverage and thus the easiest t o  perturb. 
The following experiment w a s  conducted: The m ~ s s  spectrometer 
probe w a s  set d i r e c t l y  below the electrode t i p  a t  the sur face  of 
the aluminum panel. The j o i n t  w a s  adjusted so  tha t  a gap of 2.54 cm 
(one inch) exis ted a t  one end and no gap a t  the  other  end. The 
jo in t  w a s  made up from two pieces of 0.63 crm (0.25 inch) by 1.118 m 
(44 inches) long. The weld torch w a s  mmed along the j o i n t  start- 
ing a t  zero gap a t  various speeds. (See Figure 4.1 The gap s i z e  
a t  which the contaminatf~n l e v e l  changed was recorded and is l i s t e d  
i n  Table 2. 
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TABLE 2 
Gap Size Necessary to Cause 
Contamination Changes in Gas Shield 
o Torch: Linde, HW-13 
Posit ion 
Helium 
Flow Rate 
Torch Travel 
Rate cm/min 
Gap Size 
where contami- 
nation level 
changes (cm) 
Position I Horizo,ntal 2 
I I 
Flat I 
Helium 
Plow Rate 
0.44 l/s 
Torch Travel 
Rate cm/min 
- 
0.57 l/s 
* 
nation level 
changes (cm) 
o Torch: Linde, HW-27 
* No change was noted in the contamination level. 
Position 
. Helium 
Flow Rate 
Torch Travel 
Gap Sire 
Horizontal 
0.44 113 0.57 l/s 
29.5 
~k 
73.1 
JC 
D 
29.5 
* 
- 
51.6 
* 
51.6 
~t 
73.1 
* 
These data  indica te  tha t  only gaps of very la rge  s i z e  allow contamina- 
t ion  t o  enter  the c r i t i c a l  zone. The gas flow r a t e  was lowered t o  
the point where coverage was jus t  barely adequate and the experiment 
repeated. With t h i s  lower flow r a t e  i t  was impossible to  prevent 
even the s l i g h t e s t  d r a f t  from dis turbing the gas sh ie ld  despi te  
extensive shielding. The movement of the torch was enough t o  cause 
contamination of the gas shield.  The r e s u l t s  of these t e s t s  may be 
summed up a s  follows: I f  shielding gas flow r a t e  is adequate, gaps 
do not perturb the contamination p r o f i l e  but i f  flow r a t e s  a r e  
reduced LO where gaps may cause contamination, then movement of the 
torch and other  s l i g h t  d r a f t s  d is turb  the shielding gas enough t o  
completely overshadow any e f f e c t  of the gap. This condition was 
a l s o  found t o  e x i s t  f o r  m i s f i t s  (Figure 4 ) ,  i.e., e i t h e r  no change 
i n  the p r o f i l e  was found o r  d r a f t s  overshadow the e f fec t .  In  order 
t o  properly i n t e r p r e t  these r e s u l t s ,  i t  is necessary t o  compare 
the contamination p r o f i l e s  f o r  constant gas flow by changing torch 
t o  work distances.  To supplement the p ro f i l e s  i n  the appendix i t  
w a s  necessary t o  determine p r o f i l e s  f o r  the case of no work present. 
This saries is shown i n  Figure 5. A helium flow rate t h a t  is ade- 
quate f o r  shor t  torch t o  work dis tance becomes inadequate a t  longer 
distances.  When car r ied  t o  extreme, the region of zero contamina- 
t i o n  decreases t o  a small cone. A t  the shor ter  torch t o  work dis-  
tances the  work forces  the sh ie ld  gas out, thus there is adequate 
coverage. &?!en a gap i n  encountered, the p r o f i l e  exhib i t s  a t ransi-  
t ion  t o  tha t  obsez-.*ed with no work present, when the gap is la rge  
enough. 
This t r ans i t ion  is dependent upon helium flow ra te .  A t  a flow 
rate high enough t o  provide adequate coverage the t r a n s i t i o n  occurs 
a t  a la rge  gap. A t  lower flow r a t e s  the gas sh ie ld  is unstable 
with respect t o  s l i g h t  e i r  movement and the t r ans i t ion  cannot be 
seen. 
These data  indica te  thz t  j o i n t  variations may hive very l i t t l e  
influence on shielding. Therefore, c e r t a i n  experimental welds 
a r e  indicated to  es tab l i sh  the amount of porosity tha t  would 
r e s u l t  from maximum atmospheric contamination. 
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The following welds were made: HW-27 torch, 0.64 cm, (0.25 in .)  
thick 2014-T6 aluminum a l loy ,  water added was i n  the form of saturated i i 
a i r ,  100% r e l a t i v e  humidity. 
JOINT HELIUM FLOW WATER ADDED POROSITY 
1. Bead on Pla te  0.63 l / s e c  (80 SCFH) None None 
Bead on P la te  0.63 l / s e c  (80 SCFH) 
0.63 l l s e c  (80 SCFH) 
0.63 l / s e c  (80 SCFH) 
0.32 l / s e c  (40 SCFH) 
0.63 l l s e c  (80 SCFH) 
0.63 l / s e c  (80 SCFH) 
125 ppm 
250 ppm 
None 
None* 
250 ppm 
500 ppm 
None 
None 
None 
None 
None 
None 
Bead on P la te  
Butt Jo in t  
Butt Jo in t  
Butt Jo in t  
Butt Jo in t  
Gap 0-.64 cm. 
(.25 in.)  0.63 l / s e c  (80 SCFH) None None 
Gap 0-.64 cm. 
(.25 in .)  0.36 l / s e c  (45 SCFH) None* None 
Misf i t  0-.64 
(.25 in .)  0.63 l / s e c  (80 SCFH) None None 
Misf i t  0-.64 
( - 2 5  in.)  0.36 l / s e c  (45 SCFH) None* None 
* Prof i l e s  indica te  considerable atmospheric contamination a t  t h i s  
flow ra te .  
Cross sect ions of welds 4, 5, 6 and 7, shown i n  Figures 6 and 7, 
indicate  no change i n  microporosity. The lack of porosity i n  those 
welds where excessive water contamination w a s  introduced is most 
l ike ly  due t o  the presence of oxygen. This is consis tent  with 
observations of other workers (6, 7) and the f a c t  tha t  oxygen is 
sometimes added t o  the shielding gas t o  reduce porosity i n  aluminum 
welding. 
The data  presented so f a r  strongly suggests tha t  mechanical j o i n t  
defects  do not lead t o  porosity.  That is, mechanical j o i n t  defects  
do nbc e a s i l y  produce poor shielding and i f  they could, atmospheric 
contamination, pa r t i cu la r ly  moist a i r ,  cannot en ter  the a r c  region 
i n  s u f f i c i e n t  quan t i t i e s  t o  produce porosity i n  aluminum even 
under the most adverse production conditions. 
Figure 6: PHOTOMICROGRAPH OF WELDS 4 AND 5 
16 
Figure 7 :  Pv3TOQlC!?OGRAPH OF WELDS 6 AND 7 
17 
Other Causes of Poros i ty  
The Sa tu rn  boos te r  welds t h a t  show p o r o s i t y  inc lude  a d d i t i o n a l  
v a r i a b l e s  not  y e t  included i n  t h i s  r e p o r t .  The s i g n i f i c a n t  d i f -  
f e rences  between t h e  Saturn  welds e x h i b i t i n g  p o r o s i t y  and t h e  
test  welds a re :  F i r s t ,  t h e  l a r g e  amount of handl ing  of t h e  su r -  
f a c e  i n  prepar ing  Saturn  weldments. Second, tack  welds a r e  
known t o  produce s u r f a c e  contaminat ion t h a t  can l ead  t o  p o r o s i t y .  
Thi rd ,  cons ide rab le  rubbing and abrading of f ay ing  s u r f a c e s  dur~..g 
set-up . 
These cond i t ions  r e s u l t  i n  chemical changes i n  t h e  s u r f a c e ,  changes 
t h a t  could involve  hydrogen and, t h e r e f o r e ,  could produre p o r o s i t y .  
Even though whi te  gloves a r e  worn t h e  time per iod  is long enough 
f o r  severe  contaminat ion t o  occur.  Tack welds could r e s u l t  i n  a 
p o r o s i t y  forming s u r f a c e  depos i t ,  Whenever two aluminum s u r f a c e s  
a r e  rubbed enough t o  cause g a l l i n g ,  t h e  new metal  exposed can  
r e a c t  wi th  water p r e s e n t  i n  t h e  a i r .  I f  s u f f i c i e n t  mois ture  is 
p r e s e n t ,  t h e  g a l l e d  ,netal can  be pockets  of h igh  hydrogen concen- 
t r a t i o n  and thus  l ead  t o - p o r o s i t y  dur ing  weldlngs. These con- 
s i d e r a t i o n s  l e d  t o  a s e r i e s  of tests u t i l i z i n g  t h e  measurement of 
s u r f a c e  hydrogen. 
4.  SURFACE HYDROGEN ANALYSIS 
Descr ip t ion  of Experimental Set-up 
- -. 
The a u r f a c e  a n a l y s i s  was c a r r i e d  o u t  us ing  a very  s e n s i t i v e  hydrogen 
d e t e c t o r  r e c e n t l y  developed by Das and S t r o b e l t  (9) under an  in-housk 
company-funded AdD program. The ins t rument  i s  capable  of d e t e c t i n g  
bulk  a s  well a s  s u r f a c e  hydrogen i n  meta ls  and has  a de tec t io r ,  semi- 
t i v i c y  of a s  low a s  a  few p a r t 6  pe r  b i l l i o n  i n  a  gas stream. Besides 
having a h igh ~ o n s i t i v i t y  t h i s  ins t rument  is unique from t h e  p o i n t  
of view of s i m p l i c i t y  of handl ing  and low c o s t  investment .  It is  
simple enough t o  be used f o r  an  on-l ine o r  i n - ~ r o c e s s  i n s p e c t i o n  oi* 
a  continuous b a s i s  i n  a  manufacturing o p e r a t i o n ,  o r  used f o r  J e f i n i n g  
procedures f o r  a s p e c i f i c  manufacturing p tocese .  
A schematic  of t h e  suxEace hydrogen ana lyze r  is shown i n  F igure  3. 
The p l a t e  under t e a t  is f a s t e n e d  s e c u r e l y  on a spa rk  chamber and 
s e a l e d  by means of an  "0" r ing .  This  appara tus  is  shown i n  F igure  9 .  
%e spark  used tc e x t r a c t  hydrogen i s  low energy, supp l i ed  by a high 
vol tage ,  h igh  impedance d i r e c t  c u r r e n t  power supply. The energy 
supp l t ed  (ca. - 5 w a t t s )  is n o t  enough t o  vapor ize  a messurab1.e amount 
of metal.  The hydrogen thus  l i b e r a t e d  is d i r e c t e d  t o  an a c t i v a t e d  
pal ladium b a r r i e r  under a p o s i t i v e  p r e s s u r e  of '''I.' . , : r i t y  argon 
( c a r r i e r  gas) . The pal ladium b a r r i e r  le ts  only  hydrogen y r m e a t e  
through i t  whi le  impermeable t o  argon. On t h e  o t h e r  s i d e  of t h s  
b n r r i e r  is a 1 l/sec. i o n  pump. Thus, t h e  pal ladium b a r r i e r  has  a  
high vacuum on one s i d e  of i t  and one atmosphere p r e s s u r e  on t h e  
o t h e r  s i d e .  The vacuum i n  t h e  i o n  pump chamber is measured by t h e  
c u r r e n t  through t h e  pump and is recorded on a s t r i p  c h a r t  r ecorder .  
Once t h e  pump has  reached its base  vacuum az.y d i f f u r i o n  of hydrogen 
through t h e  pal ladium h a r r i e r  w i l l  r e s u l t  i n  an i n c r e a s e  i n  c u r r z n t .  
The c u r r e n t  through t h e  pump is  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  pres-  
s u r e ,  which e s t a b l i s h e s  a r e l a t i o n s h i p  between t h e  amount of hydro- 
gen i n  t h e  gas s t r eam and t h e  pump c u r r e n t .  This  makes i t  p o s a i h l e  
t o  e s t i l r a t e  t h e  amount of hydrogen i l  a gas  s t ream from an unknown 
source.  
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t i g l j r n  9: ? D ? - L '  CH:?"i;tC F P D  C1!"FACE YYDPOGEV ANALYSIS 
I n  the  present  case such a c a l i b r a t i o n  is performed by using an 
e l e c t r o l y s i s  c e l l  t o  generate known amounts of byd ?en. 
The e l e c t r o l y t e  used is a sa tu ra t ed  s o l u t i o n  of potassium hydroxide. 
Upon e l e c t r o l y s i s ,  water decomposes i n t o  oxygen and hydrogen acccrd- 
ing t o  the  following chemical react ion:  
A s  per  Faraday's Law, 96501 coulombs (amp-seconds) are required t o  
evolve 1 gram equivalent  of hydrogen. I n  t h e  r eac t ion  given above 
2 X 96591 c~ulombs are required t o  give  one mole of hydrogen. Since 
one mole occupies 22400 c c  at  STP, 0.1275 cc of hydrogen are gener- 
a ted  per amp-sec. input  a t  300°K (room temperature). 
The hydrogen thus generated is mixed with  pure argon and d i r ec t ed  
towards the  palladium f o i l .  A carrier gas flow of 100 cc/min. w a s  
used throughout thzse  tests. The temperature of t he  palladium f o i l  
is maintained a t  about 560°C f o r  adequate d i f fu s ion  of hydrogen 
through the  f o i l .  By varying t h e  cur ren t  i n  the  e l e c t r o l y s i s  cel l  
the  response of the  ion  pump can be ca l ib ra ted .  
For example : 
. Under steady state condi t ions  wi th  a carrier gas flow of 100 cc/min,, 
the  r a t i o  between e l e c t r o l y t i c a l l y  generated hydrogen and c a r r i e r  
gas (argon) is as follows: 
H2 - H2 
- -  - 
0.1275 cc  of H2/amp. sec .  
A r  100 cc of A r / m i c .  = 0.0765 parts/amp. H2+Ar 
Expressed otherwise, 76.5 p a r t s  per  mi l l i on  of hydrogen are c a r r i e d  
through i n  the  gas stream a t  a flow of 100 cc/min pe r  d o c ,  m i l l i -  
ampere through the  c e l l .  Once the  de tec tor  is ca l ib ra t ed  i n  t h i s  
manner, i t  is a simple matter t o  es t imate  q u a n t i t a t i v e  amounts of 
hydrogen i n  the  gas stream from an unknown source. 
Figure 10 shcws the  c a l i b r a t i o n  curve fL:  t he  de tec tor  a s  obtained 
under the  condit ions given below: 
Total  flow r a t e  (50 cc/min. through the  e l e c t r o l y t i c  c e l l  and 50 
cc/min. through the  spark chamber) of argon = 100 cc/min. 
Palladium d i s c  temperature = 560°C. 
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PPM OF HYDROGEN IN GAS STREAM 
F i  gure 10: CALI  BRATION OF HYDROGEN DETECTOR 
Elec t ro ly t e  = Potassium hydroxide. 
The c a l i b r a t i o n  curve shows the  de tec tor  response i n  microamperes as 
a funct ion of hydrogen concentrat ion of ppm i n  the  c a r r i e r  gas stream 
a s  generated by the  e l e c t r o l y s i s  c e l l .  I t  is observed t h a t  below 
20 ppm of hydrogen concentra t ion i n  the  gas stream the  curve dev ia tes  
s l i g h t l y  from l i n e a r i t y .  This is  because the  e f f i c i ency  of the  ion  
pump f o r  hydrogen a t  such low concentra t ion l e v e l s  is reduced. Since 
the  da t a  i n  the  e n t i r e  c a l i b r a t i o n  range is q u i t e  repeatable ,  t he  
non-l ineari ty does not  a f f e c t  the  sur face  hydrogen ana lys i s .  
Once the  c a l i b r a t i o n  of the  de tec tor  was performed extreme ca re  was 
exercised t o  maintain the  same condit ions of palladium d i s c  tempera- 
t u r e  and argon gas flow t o  i n su re  cons i s ten t  r e s u l t s .  When sur face  
ana lys i s  was ca r r i ed  out ,  i t  was necessary t o  have a constant  back- 
ground of .05 m a  through the  e l e c t r o l y t i c  c e l l  (4 ppm) t o  maintain 
de tec tor  s e n s i t i v i t y .  Argon w a s  supplied from a b o t t l e  of high 
pu r i t y  l i qu id  argon. Since the  temperature of l i q u i d  argon is -193OC 
the re  is  very l i t t l e  water present ,  s i g n i f i c a n t l y  less than one p a r t  
per  mil l ion.  All sur face  measurements were made on bare  7075 - T6 
aluminum a l l o y  samples prepared by vapor degteasing and a l k a l i n e  
cleaning. 
Figure 11 shows a t y p i c a l  r e s u l t .  Within a few seconds a f t e r  turning 
on the  power t o  t he  spark source, an i n i t i a l  peak is noted. Af te r  
about 3 t o  5 minutes of continuous a rc ing  the  curve begins t o  f a l l  
o f f .  Within 30 minutes i t  reaches a constant  l e v e l  and f u r t h e r  arc- 
ing  produces no change i n  the  curve. I t  is believed t h a t  t he  i n i t i a l  
high hydrogen peak is due t o  sur face  contamination. The por t ion of 
the  curve a f t e r  the  peak should then be represen ta t ive  of a c lean 
surface .  When the  power is shut  o f f ,  the  s i g n a l  l e v e l  is observed 
t o  drop back t o  the  o r i g i n a l  background leve l .  I f  t h e  power is sub- 
sequently turned on, no l a rge  i n i t i a l  increase  i n  the  hydrogen l e v e l  
was observed, thereby f u r t h e r  i nd i ca t ing  t h a t  sur face  contamination 
was removed by the  i n i t i a l  power appl ica t ion .  It is f u r t h e r  observed 
t h a t  the  s i g n a l  l e v e l  a f t e r  the  peak is  considerably higher than the  
background level. This suggests  t h a t  some hydrogen is being ex t rac ted  
from the  I n t e r i o r  of the  metal. The d i f f e r ence  between the  peak 
TIME IN MINUTES 
Figure 11 : TYPICAL RESULT OF ARCING ALUMINUM ALLOY SURFACE 
cu r r en t  and t he  c u r r e n t  a t  36 minutes (AI) is  used ac  a  f i r s t  approxi- 
mation of t h e  s u r f a c e  hydrogen de tec ted .  A more exac t  va lue  would be  
obtained from the  i nc r ea se  i n  a r e a  under t h e  curve ,  measured on a 
cleaned sur face .  
The va lue  of A1 f o r  cleaned aluminum was found t o  be 93 + 32. This  
- 
is an  average of 15 measurements on s e p a r a t e  p ieces  of t h e  same a l l oy .  
Although a i l  samples were cleaned the  same way a t  one t i m e ,  t h e r e  was 
a v a r i a t i o n  i n  the  observed va lue  of A1 from one sample t o  t h e  nex t .  
This  v a r i a t i o n  could b e  due t o  t h e  complex r e l a t i o n s h i p  between ad- 
sorbed water and oxide f i lm.  Some of t he  curves are shown i n  Figure  
-.*A A l l  m - P ~ ~ r e r c e ~ t ~  ...I.. were stsrted v i t h i n  me  minute a f t e r  the tes t  sazple 
was mounted on t he  spark  chamber and argon flow ad jus ted .  This  w a s  
dcne t o  prevent  a change i n  s u r f a c e  due t o  t h e  e f f e c t  of dry argon 
found t o  occur a f t e r  30 minutes of exposure. 
Water as a Source of Surface  Hydrogen 
Figure  1 3  shows t he  d e t e c t o r  response of an aluminum p l a t e  wi th  ad- 
sorbed water. The p l a t e  was f looded wi th  d i s t i l l e d  water  and air  
d r i ed  u n t i l  t h e  v i s i b l e  t r a c e s  of water  disappeared.  This  w a s  accomp- 
l i s h e d  i n  about 90 seconds. When t he  p l a t e  w a s  allowed t o  dry  f o r  
longer  per iods  of time the  va lue  of A 1  drops t o  t h a t  obta ined wi th  an 
un t rea ted  p l a t e .  The A1 va lue  f o r  t h e  un t rea ted  p l a t e  was 155 whi le  
a f t e r  drying i n  a i r  f o r  1, 1.5, and 3 hours t h e  va lue s  were 85, 60, 
and 170 r e spec t i ve ly  (equal  w i th in  experimental  e r r o r ) .  
This s e r i e s  of measurements demonstrates t he  r e l a t i v e  speed a t  which 
w e t  aluminum d r i e s  and reaches equ i l ib r ium wi th  mois ture  i n  t he  air .  
The atmosphere of t h e  l abo ra to ry  i n  which t he se  measurements were 
made is con t ro l l ed  t o  50% r e l a t i v e  humidity and 21°C temperature. 
a i n g  t h e  Clean Sur face  
Since sc rap ing  t he  s u r f a c e  is  a common method used i n  p repara t ion  f o r  
welding, i t  is necessary t o  measure t he  amount of su r f ace  water  be fo r e  
and a f t e r  scraping.  The r e s u l t s  of t h r e e  d i f f e r e n t  p l a t e s  shoved no 
d i f f e r ence  between scraped and unscraped s u r f a c e  hydrogen l e v e l s .  
The A 1  v a lue s  were 119 and 135, 59 and 105, 90 and 73  r ep r e sen t i ng  
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Figure 12: TYPICAL CURVES FOR CLEANED ALltMINUM SURFACES 
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F i  pure 13: HYDROGEN RESULTING FROM SURFACE WATER 
before  and a f t e r  s c r a p i n g  r e s p e c t i v e l y .  These a r e  a l l  w i t h i n  exper i -  
mental e r r o r  of t h e  same value .  
These two experiments demonstrate t h e  r a p i d l t y  wi th  which wa te r  ad- 
sorbed on aluminum reaches equ i l ib r ium wi th  water i n  t h e  atmosphere. 
These va lues  could be a f f e c t e d  t o  a l i m i t e d  e x t e n t  by changes i n  
humidity,  however, i t  appears  t h a t  adsorbed water  i s  n o t  a p o t e n t i a l l y  
severe  problem. 
Tack Welds a s  a Source - of Surface  Contamination 
Tack welds were prepared us ing  a hand h e l d  t o r c h  w i  .A helium s h i e l d  
gas.  The meascrements were made 4.5 minutes a f t e r  welding. The f o l -  
lowing A 1  va lues  were obta ined:  
A l t e r n a t i n g  c u r r e n t  wi th  f i l l e r  wire.. ... 195 Fa 
d i r e c t  c u r r e n t  wi th  f i l l e r  wire. . . . . . . . . .  65 pa 
d i r e c t  c u r r e n t  wi thout  f i l l e r  wire. . . . . . .  80 pa 
d i r e c t  repeat . . . . . . . . .  ................... 85 pa 
The A 1  va lue  of 195 f o r  an a .c .  t ack  weld r e p r e s e n t s  a contamination 
l e v e l  above t h a t  found f o r  an u n t r e a t e d  s u r f a c e .  Howzver, t h e  o t h e r  
t h r e e  va lues  do n o t  r e p r e s e n t  an i n c r e a s e  i n  contamination. The f a c t  
t h a t  t h e  one t a c k  weld showed a s l i g h t  i n c r e a s e  i n  contaminat ion sug- 
g e s t s  a p o s s i b l e  problem b u t  perhaps n o t  a s e r i o u s  one under t h e  con- 
d i t i o n s  of these  tests. Other cond i t ions  may produce problems b u t  
would r e q u i r e  cons iderably  more exper imenta t ion  t o  determine i f  a 
problem does e x i s t .  
Handling as a Source of Surface  Contamination 
With t h e  s u r f a c e  hydrogen d e t e c t o r ,  i t  is  p o s s i b l e  t o  measure smal l  
amounts of hydrogen o r  hydrogen con ta in ing  m a t e r i a l  such a s  o i l  and 
g rease  depos i t ed  a s  a r e s u l t  of handling.  I n  t h i s  s e r i e s  of exper i -  
ments measurements of s u r f a c e  contamination were made of f i n g e r p r i n t s ,  
c l e a n  glove p r i n t s  and used glove p r i n t s .  
Finger  p r i n t s  made by two d i f f e r e n t  s u b j e c t s  were measured wi th  t h e  
fo l lowing r e s u l t s :  
Subj 3c t A A 1  1455 pa 
Subjec t  A ,  r e p e a t  A  = 1570 pa 
Subjec t  B A 1  = 975 pa 
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The hands of s u b j e c t  A were r e l a t i v e l y  c lean  and d ry ,  a normal condi- 
t i o n ,  whi le  t h e  hands of s u b j e c t  B were washed wi th  a d e t e r g e n t ,  
r i n s e d  thoroughly wi th  d i s t i l l e d  water ,  and d r i e d  wi th  a c l e a n  towel 
b e f o r e  making the  f i n g e r  p r i n t , ,  
S ince  t h e  normal procedure f o r  shop work is t o  use whi te  c o t t o n  gloves 
when handl ing  m a t e r i a l  f o r  c r i t i c a l  welds, s u r f a c e  contaminat ion 
measuremeuts were made of f i n g e r p r i n t s  us ing  whi te  c o t t o n  gloves.  
The f i n g e r p r i n t s  were made wi th  new c lean  gloves and gloves t h a t  had 
been worn f o r  va r ious  l e n g t h s  O F  time. These tests were made by sub- 
j e c t  B: 
New, c l e a n  g l o v e . ,  p a i r  A A 1  = 3-00 pa 
ano the r  p a i r  new gloves ,  p a i r  B A 1  = 335 pa 
glove worn f o r  0.5 hours ,  p a i r  C A 1  - 360 pa 
1.0 hours ,  paii-  A bI = 455 pa 
1 .5  hours ,  p a i r  B A = 435 pa 
glove worn f o r  2.0 hours ,  ; a i r  B A 1  = 420 pa 
Undetermined t i m e ,  p a i r  D A 1  = 425 pa 
These gloves were worn i n  t h e  l a b o r a t o r y  under normal working condi- 
t i o n s ,  no e f f o r t  was made t o  e i t h e r  kee? them e s p e c i a l l y  c l e a n  o r  t o  
contaminate them wi th  g rease  o r  o i l .  These d a t a  c l z a r l y  show t h a t  
contaminat ion cannot be avoided even thrcugh t h e  use of whi te  c o t t o n  
gloves.  While c o t t o n  gloves reduce t h e  l t v e l  of contaminat ion by a 
s u b s t a n t i a l  amount, t h e  contaminat ion leve,  r e s d t i n g  from even new 
gloves i n d i c a t e s  a s e v e r e  p o t e n t i a i  f o r  7 o r ~ o i t y  i f  t h e  f a y i n g  su r -  
f a c e  h a s  been touched. 
The Use of a Solvent  t o  Remove Contamination 
Since  t h e  most l i k e l y  source  of s u r f a c e  hydrogen appears  t o  be  o rgan ic  
r a t h e r  than adsorbed water ,  a c1e.r--:lng method in~vo lv ing  a s o l v m t  
r i n s e  might be  i n  order .  A l i k e l y  choice f o r  sol t tent  i s  "Freon" 113 
(C2 C 1 3  Fj) s i n c e  i t  does n o t  con ta in  hydrogen and is a good g e n e r a l  
s o l v e n t .  I n  o rde r  t o  demonstrate t h a t  no problem wauld be  encountered 
i n  us ing  "Freon1' 113, s e v e r a l  measurements were mado of t h e  con tac in  
t i o n  remaining a f t e r  use. "Freon" used f o r  t h i s  s e r i e s  of tests had 
been d i s t i l l e d  t o  ensure  no hydrocarbon contamination. The test 
sample was f looded wi th  "Freon" a s  might be done i n  washing a p a r t  
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i n  preparation f o r  welding. The "Freon" was not,  however, wipdd on a s  
is sometimes done s ince  contamination is not as e a s i l y  removed by t h i s  
method. Two measurements of A 1  a f t e r  washinp with "Freon" 113 gave 
values of 35 and 6 2 ,  experimentally equal  t o  t h e  value of A 1  before  
treatment. 
I I  Freon" 113 prepared by d i s t i l l a t j o n  i n  the  same way, was used t o  
wash weld j o i n t s  (described below) p r fo r  t o  weldilg.  I n  o rder  t o  
properly wash the  j o i n t  a polyethylene squeeze b o t t l e  w a s  used t o  
d i r e c t  the  stream of "Freon" i n t o  the  weld jo in t .  Af te r  the  b o t t l e  
was i n  use f o r  about a week the  sur face  contamination w a s  again 
chccked. This t i m e  a A 1  value  of 3735 p a  w a s  found ind ica t ing  a 
severely  contaminated surface .  It was apparent t h a t  c3e "Freon" had 
become contaminated from t h e  polyethylene b o t t l e  even though the  
b o t t l e  w a s  new. To check t h i s  conclusion the  b o t t l e  w a s  r insed  sev- 
eral times with "Freon", then le t  s tand f o r  about 4 days. This 
I1 Freon" w a s  compared t o  the  o r i g i n a l  "Freon" with a Beckman IR-12 
in f ra red  spectrophotometer. The o r i g i n a l  "Freon" contained no hydro- 
carbons while t h a t  s to red  i n  the  polyethylene b o t t l e  contained 154 
ppm. These da t a  c l e a r l y  demonstrate the  need f o r  ca re fu l  handling 
of "Freont' o r  any ocher so lven t  fsr t h i s  use. A metal container  
with no o r g c i i c  p a r t s  would be required t o  prevent contamination of 
t h i s  nature.  
I ;  is possible  t o  make an es t imate  of the  amount of hydrogen from 
the  observed value of A I .  The a rea  under t he  curve is r e l a t e d  t o  
t o t a l  amount of hydrogen removed from the  sur face  by the  following 
equations: 
The area  of a t r i angu la r  peak i s  i t / 2  and has the  u n i t s  of coulombs 
.ahen i is i n  amperes and t i n  seconds. Coulombs divided by 96,500 
and mul t ip l ied by equivalent  veight  (1.00 f o r  hydrogen) gives  weight 
i n  grams of material. When t h i s  is mult ip l ied by E ,  e f f i c i ency  of 
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the  pump and peladium f o i l  (100 i n  t h i s  experiment) the  weight of 
hydrogen present  i n  the  gas stream a t  any one i n s t a n t  is obtained. 
Dividing the  weight by the  molecular weight (2.00 f o r  hydrogen) and 
22,400 the  volume of hydrogen i n  cubic centimeters a t  standard tempera- 
t u r e  and pressure  is obtained. For a A1 value of 1000 t h i s  ca l cu l a t i on  
gives 1.4 cc. Th i s  value of 1.4 cc. depends on the  shape of t he  
current-time curve arld could be much l a r g e r  f o r  t he  same value  of A I .  
In a l i k e  manner the  amount of hydrogen deposited from a s i n g l e  
z ingerpr in t  while wearing a new co t ton  glove is 0.4 cc. This is pure 
hydrogen; i t  i t  were d i s t r i b u t e d  through one l i ter ,  it would be 400 
ppm. This calcu!~:ion c l e a r l y  shows t h a t  any type of handling of t h e  
weld rnezal whether gloves are worn o r  not ,  w i l l  produce erough con- 
tamination t o  r e s u l t  i n  weld porosi ty .  
5. WELDS FOR CORRELATION WITH SURFACE CONTAMINATION 
A s  mentioned previously, the  cons t ruc t ion  of the  Saturn booster  
involves va r i ab l e s  not associa ted with mechanical j o i n t  defec t s .  
The following va r i ab l e s  have been t r e a t e d  i n  t h i s  study f o r  cor re la -  
t i o n  of weld poros i ty  wi th  sur face  contamination: tack welds, rub- 
bing, s to rage ,  s l o t s ,  and handling. I n  addi t ion ,  t h e  p o s s i b i l i t y  
of c leaning contaminated weldments p r i o r  t o  welding t o  prevent 
porosi ty  w a s  examined. 
Table 3 contains  a summary of the  treatment and r e s u l t s  of the  
series of welds f o r  c o r r e l a t i o n  wi th  su r f ace  contamination. The 
treatment of the  panels are as follows: 
a. P l a t e s  10 x 70 x 0.64 cm. (4 x 28 x 114 inches) were c u t  from 
2014-T651 and 2219-T87. A l l  p l a t e s  w e r e  vapor degreased, 
a l k a l i n e  cleaned and scraped p r i o r  t o  welding. 
b. Those with s l o t s  were prepared by c u t t i n g  the  s l o t s  i n  t he  
bottom panel  -05 cm (.020 in.) deep, separated by 15 c m  (6 in . ) .  
Those marked "square" had square c o m e r s  and those  marked "Sine" 
had beveled corners.  
c .  Those s to red  w e r e  l e f t  24 hours a f t e r  scraping i n  open shop 
atmosphere (ca. 50% RH and 21°C) . 
-
d. Handling w a s  done with white co t ton  gloves never more than 
4 hours old .  
e. Tacking was done with  h a d  held d.c. torch,  one tack weld 
was made w e r p  15  cm. (6 inches) . 
f .  Brushing was done with a new steel brush. 
g. Rubbing w a s  done by movement of the  faying su r f ace  wi th  caL 
2 O , ?  kg/cm (10 p s i )  fo rce  u n t j l  g a l l i n g  w a s  apparent .  
h.  Cleaning was accomplished by f looding the  j o i n t  wi th  "Freon'; 
113. A polyethylene s q u i r t  b o t t l e  w a s  used t o  d i r e c t  the. 
stream of so lven t  i n t o  the  weld j o i n t .  The b o t t l e  w a s  
r insed  with "Freon" 113 before  each - a p p l k a t i o n .  Cleaning 
was done a f t e r  weldments were secured and immediately before  
welding. 
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i. Welding condit ions:  a l l  welds were made i n  the  hor izonta l  
pos i t i on  using a Line HW-27 torch and helium flow r a t e  of 
0.63 standard l i t e r s  per second (80 SCFH). 2014 a l l o y  was 
welded a t  167 amperes and 11.5 v o l t s  with a torch t r a v e l  of 
15 cm./min. (6 in. /min.) .  4043 aluminum f i l l e r  w i r e  w a s  
used a t  a feed r a t e  of 38 cm./min. (15 in./min.). 2219 
a l l o y  w a s  welded st 160 amperes and 11.5 v o l t s  and 2319 
aluminum w i r e  wi th  torch and wire feed rate a s  above. 
Correla t ions  Between Surface Hydrogen and Weld Porosi ty  
None of the  experimental welds showed se r ious  porosi ty  but  some 
s o l i d  t rends  w e r e  es tab l i shed .  
Tack Welds: Those welds made over tack welds showed no increase  
i n  porosi ty  when no o ther  va r i ab l e  was qncluded c f .  welds 1, 4 ,  
-
29. This agrees  with sur face  hydrogen ana lys i s  which shcws no 
contamfnation due t o  d.c. tack welds. 
Slots:  When clamp s l o t s  a r e  welded over t he re  is  a p o s s i b i l i t y  
of trapped contaminants, however, t he re  w a s  none observed r e l a t i n g  
t o  s l o t s  a lone - c f .  welds 10, 11, 14, 15, The p o s s i b i l i t y  of con- 
tamination from the  atmosphere because of l ack  of sh ie ld ing  was 
d e a l t  with i n  s ec t ion  1 and el iminated a s  a source of porosi ty .  
Rubbing: I f  rubbing of the  faying su r f aces  caused g a l l i n g  
then the re  is  the  p o s s i b i l i t y  of an a c c u m l a t i a n  of oxide and 
adsorbed moisture. This w a s  not demonstrated i n  welds as shown 
by welds 8, 10, 11, 27. Under adverse condi t ions  such a s  high 
humidity and long times porosi ty  may develop where gall trig 
occurs, bu t  t he  tests made here  do not  cover t h a t  humidity range. 
Handling: In  near ly  a l l  cases  where handling w a s  done without 
subsequent c leaning the re  was P. s i g n i f i c a n t  increase  i n  weld 
defec t s .  These a r e -we lds  2, 5, 7,  9 ,  12, 13, and 30 i n  Table 3. 
Only one of these,  #7,  showed low porosi ty ,  whereas t he  o the r  
s i x  had more porosi ty  than walds t r e a t e d  i n  other ways. This 
demonstrates t he  contamination poss ib le  i ~ v ~  kcndling even though 
white gloves are worn, and demonstrates the c o r r e l a t i o n  between 
sur face  hydrogen ana lys i s  and weld poros i ty .  
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Cleaning: The r e s t i l t s  of welding a f t e r  c l e a n i n g  d ramat ica l ly  
demonstrates  t h e  r o l e  of s u r f a c e  contaminat ion i n  p o r o s i t y  formation 
and ease  of removal by t h e  proper  use of s o l v e n t s .  Welds 22, 23, 
35,  38, 39, and 41 were handled and then c leaned wi th  p o r o s i t y  
i n  only  one of  t h e  s i x  welds. This  handl ing  process  wi thout  
c l ean ing  r e s u l t e d  i n  measurable p o r o s i t y  ( c f .  2,  5, 7, 9 ,  12, 1 3  
-
and 30).  The welds made a f t e r  c l e a n i n g  b u t  not  handl ing  (welds 34, 
37 and 40) h e l p  s u b s t a n t i a t e  t h e  c o r r e l a t i o n  between s u r f a c e  
hydrogen measurements and p o r o s i t y .  Only two welds of t2n  showed 
p o r o s i t y  a f t e r  t rea tment  wi th  t h e  "Freon". Welds 16, 17, 18, 19 ,  
20, 2 1 ,  24, and 25 have been excluded from t h e  t a b l e  because a l l  
were c leaned w i t h  "Freon" 113 contaminated wi th  unknown amounts 
of hydrocarbons from the  polyethylene  b o t t l e .  No s t a t ements  can 
be made a b o ~ t  t h e  c o r r e l a t i o n  of p o r o s i t y  and v a r i o u s  f a c t o r s  when 
t h e  over- r ia ing  f a c t o r  is uncon t ro l l ed .  It was demonstrated t h a t  
"Freon" picked up hydrocarbons from polyethylene  b u t  no meta l  con- 
t a i n e r  was a v a i l a b l e  s o  polyethylene  was used w i t h  a r i n s e  p r i o r  
t o  c l ean ing .  This  does n o t  appear  t o  be  adequate.  Never the less ,  
t h e  f a c t  t h a t  f i v e  welds of s i x  showed no p o r o s i t y  a f t e r  c l ean ing ,  
when they were t r e a t e d  i n  a manner t h a t  produced p o r o s i t y ,  demon- 
strates t h a t  p o r o s i t y  of t h i s  n a t u r e  can  be  avoided. These con- 
c l u s i o n s  a r e  summarized i n  Table 4 .  
Summary of P o r o s i t y  - vs. Surface  Hydrogen 
Surface Condit ion AI, pa (+ - 32) P o r o s i t y  
Untreated 93 -- - 
Scrapzd 
Tack weld 
104 No p o r o s i t y  
7 7 No p o r o s i t y  
Handling wi th  g loves  376 Measurable p o r o s i t y  
Hydrocarbon contaminat ion 37 35 $ i g n i f i c a n t  p o r o s i t y  
The r e l a t i o n s h i p  of p o r o s i t y  and t h e  s u r f a c e  contaminat ion index. 
.t 
UL, izz 229!1~ be seen. Sczaped and t a c k  welded s u r f a c e s  show t h e  
same l e v e l  of contaminat ion and no poros i ty ,  whi le  s u r f a c e  
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contaminatio!l and porosity both increase when the surface is 
touched with n gloved hand. This demonstrates that the surface 
contamination index, AI, can be used to predict porosity. 
In  a broad sense  the  purpose of programs such as t h i s  is t o  d e t e r -  
mine ways of making b e t t e r  welds.  Information gained dur ing  t h i s  
program can be used t o  improve q u a l i t y  and c o s t  of aluminum 
welding. The p r o f i l e  d a t a  show t h a t  t h e  Linde HW-27 to rch  provides  
good s h i e l d i n g  a t  moderate flow r a t e s  whi le  t h e  HW-13 to rch  does 
no t  provide r e l i a b l e  coverage a t  t h e s e  flow r a t e s  and e s p e c i a l l y  
a t  longer  to rch  t o  work d i s t a n c e s .  The HW-27 to rch  can be used 
wi th  a helium flow r a t e  of - c a .  0.63 s t andard  l i t e r s  pe r  second 
(80 SCF'H) i n s t e a d  of t h e  u s u a l  0.98 s t andard  l i ters p e r  second 
(125 SCFH). An a d d i t i o n a l  20 t o  30% flow reduc t ions  is p o s s i b l e  
wi th  modest r educ t ion  i n  cup t o  work d i s t a n c e s .  Tk, is can s i g n i f i -  
c a n t l y  reduce t h e  c o s t  of helium s h i e l d  gas.  
The conclus ions  drawn from t h e  experimental  evidence presented  
he re  is t h a t  s u r f a c e  contaminat ion r e s u l t i n g  from normal handl ing  
is t h e  most l i k e l y  source  of p o r o s i t y  with much lower p r o b a b i l i t y  
of contaminat ion from tack  welds and a d s o r p t i o n  of atmospheric 
water .  These conclus ions  a r e  supported by t h e  c o r r e l a t i o n  
observed between p o r o s i t y  and t h e  l e v e l  of hydrogen c o n t a i n i n g  su r -  
f a c e  contaminat ion produced by va r ious  shop opera t ions .  It was 
shown t h a t  contaminat ion from hand l ing  can be removed by c a r e f u l  
use of a s o l v e n t  such as "Freon" 113 t h u s  e l i m i n a t i n g  t h e  major 
source  of p o r o s i t y .  
A s  a r e s u l t  of  t h i s  s tudy  t h e  fo l lowing r e l a t e d  programs are 
suggested: They have a s i g n i f i c a n t  p o t e n t i a l  f o r  s o l v i n g  o r  con- 
t r o l l i n g  t h e  production poros i ty  problem i n  welding aluminum and 
a r e  l i s t e d  i n  o r d e r  of p r i o r i t y :  
a. Develop s u r f a c e  hydrogen ana lyze r  f o r  use  i n  t h e  shop t c  
i n s p e c t  s u r f a c e  c l e a n l i n e s s  and as a Manufacturing Development 
t o o l  to  d e f i n e  t h e  optimum manufacturing procedures necessary  
f o r  low p o r o s i t y  welds.  
b. Determine t h e  q u a n t i t a t i v e  r e l a t i o n s h i p  between p o r o s i t y  and 
s u r f a c e  contaminat ion and d e f i n e  t o l e r a b l e  l i m i t s .  
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c .  Determine t h e  f e a s i b i l i t y  of adding oxygen t o  t h e  s h i e l d  gas 
t o  e l i m i n a t e  p o r o s i t y  i n  aluminum welds caused by s u r f a c e  
contaminat ion,  Once f e a s i b i l i t y  is e s t a b l i s h e d  a q u a n t i t a t i v e  
r e l a t i o n s h i p  between oxygen c o n t e n t ,  s u r f a c e  contaminat ion 
l e v e l ,  and wel+ p o r o s i t y  should be determined,  
d.  Determine ;he condi tons  where t ack  welds cause  p o r o s i t y  and 
exp lo re  methods of c l ean ing  t a c k  welds t o  e l i m i n a t e  poros i ty .  
e .  Define a  r e l i a b l e  s o l v e n t  f o r  c l e a n i n g  weldments, a v a i l a b l e  
from t h e  vendor wi thout  f u r t h e r  p u r i f i c a t i o n .  
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8.  APPENDIX 
Figures  1 through 15, Contamination P r o f i l e s  
Contours i n d i c a t e  cons tan t  contamination l e v e l s  on a p lane  i n t e r -  
s e c t i n g  t he  c e n t e r l i n e  of the  to rch .  I n  t he  case  of ho r i zon t a l  
torch  p o s i t i o n  the piane i s  v e r t i c a l .  The four  contour l i n e s  
i n d i c a t e  10, 100, 1000, and 5000 ppm ( p a r t s  pe r  mi l l ion)  oxygen. 
The mass spec t rone t e r  was c a l i b r a t e d  f o r  oxygen i n  helium by 
electrochemical.  genera t ion  of oxygen from d i l u t e  s u l f u r i c  a c id .  
The flow s a t e s  have been corzected  by comparison a g a i n s t  a c a l i -  
b r a t ed  flow meter 2 : are noted f o r  each p r o f i l e .  I n  a l l  f i g u r e s ,  
t he  top of t he  page is up. Drawings a r e  twice a c t b a l  s i z e .  
Most of t he  p r o f i l e s  a r e  s t r a i g h t  forward and c l e a r l y  i n d i c a t e  
t he  flow r a t e  where adequate coverage occurs.  However, t h e  Made  
HW-13 to rch  a t  a to rch  t o  work d i s t ance  of 1 .5  c m  (19132 inch)  
does not  provide adequate coverage over t h e  f low range s t ud i ed  
f o r  two reasons .  r'irst, a t  lower flow r a t e s  0.34 and 0.44 
s tandard  l i t e r s  pe r  second (43 and 56 SCFH) t h e r e  is inadequate 
coverage because of t he  low flow rate. Second, t he  h igher  flow 
rates wi th  t h i s  torch  i n  combination wi th  t h e  longer  t o r ch  t o  
work d i s t ance s  produces a focus ing of s h i e l d  gas a s  i n  a l i g h t  
beam. This has  t h e  e f f e c t  of pinching the  column of helium t o  
a po in t .  This  e f f e c t  produces turbulence  i n  t h e  c r i t i c a l  arc 
zone and t he r e fo r e  contamination,  This p icching e f f e c t  occurs 
a t  t he  higher flow r a t e s  with t he  HW-13 to rch  bu t  no t  wi th  t h e  
HW-27. 
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figure 1: Contamination P ~ r i l c s  For IIW-27 In l l a t  Porition A t  0.6 a. 
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Figure 2: Contamination Proi'ies for EU-27 in Flat Positson a t  1.0 cm. 
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Figure 3 : Contasnination Profibs for 8V-27 in n a t  msition a t  1.3 a. 
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Pigure 6: kntamlnatlon Profiles for HV-13 in Rat Poe~ition a t  1.0 a. 
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Figure 8: Contamination Protile0 for IIY-13 in n e t  h e l t i o n  a t  1.5 a. 
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Figure 9: Contamination Profiles for HU-27 in Horizontel Position at 0.6 cm. 
F2gure 10: Contaarination Profile8 for HWZf i n  Horizontal Aosition a t  l b O  crab 
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P"igun 11: Contamination Profiles ?or RU27 In Horizont~l Rorition a t  1.3 cm. 
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FIG- 12 : Contamination Proflle~ for HW-27 in Horizontal Position 8t 1.5 an. 
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Contminstion Proillerr fox HU-13 i~ Itorileoatal Position at  1.0 cm, 
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F-@m 14: Contmlnstion Profiles for BY-13 In  Horizontal Position a t  1 .3  cm. 
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